Leakage of 260 mp-absorbing cell constituents from Pseudomonas aeruginosa was enhanced with increasing concentrations of Polysorbate 80 up to a characteristic maximum at 0.125 yo. This relationship applied at 4", 18" or 37" at bacterial concentrations between I x ro8 and 9 x Io8/ml. and for three strains of this organism, but did not apply with Escherichia coli. Uptake of a fluorescent dye was also greatest at 0.125 % Polysorbate 80. Increasing concentration of NaCl in the suspending liquid progressively decreased leakage. In buffer between pH 5.7 and 9.5, the low degree of leakage varied insignificantly. Polysorbate-treated organisms consistently leaked more readily and also showed greater percentage viability losses on rapidly changing the pH, temperature or NaCl concentration of the suspending solution. There was little correlation between loss of viability and leakage. There was a correlation between loss of viability and the magnitude of the sudden change in any of the colligative properties of the organism's environment. Uptake of Polysorbate from aqueous solution at 20" was rapid. These results supported the hypothesis that Polysorbate 80 had an immediate effect on the permeability barrier of the cell.
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Organisms and cultural conditions. The test organism was Pseudomonas aeruginosa NCTC 6750. Stationary-phase pseudomonads were obtained by incubation at 37" for 20 hr in batch culture in nutrient broth (Oxoid, No. I : 0x0 Ltd., London, S. E. I). Cell leakage experiments. Stationary-phase organisms were harvested by centrifugation at 20" (M.S.E. refrigerated centrifuge, 14 Spenser St., London, S.W. I.) at 2500 g, washed twice in 0.5 M-NaCl solution and finally suspended at 108 to I o9 bacteria/ ml. (0.06 to 0.6 mg. dry wt bacteria/ml.) in various aqueous solutions, including NaCl, tris + maleate buffer (Geigy, 1962) , Polysorbate 80 (Crillet 4, Croda Ltd., Cowick Hall, Snaith, Goole, Yorkshire) and distilled water alone. Leakage was assessed by centrifuging at 20" samples of the suspensions at qoog for zomin. and measuring the extinction at 260 mp (nm.) of the supernatant fluid with a Unicam S.P. 500 spectrophotometer, corrections being made for the extinction of the suspending solutions.
Eflect of Polysorbate 80 on the optical efect of the organisms. The light-scattering properties of bacteria in suspension (measured as extinction at 600 mp) alter with changes in environmental osmotic pressure; the ability of bacteria to show this alteration (the optical effect) may be regarded as a measure of the integrity of the osmotic barrier of the bacteria (Mager, Kuczynski, Schatzberg & Avi-Dor, 1956; Postgate & Hunter, 1962) .
Stationary-phase pseudomonads were grown in broth containing 0-0'1 75 % Polysorbate 80; the bacteria from each culture were then washed and finally suspended separately in plain nutrient broth at a standard concentration; 0.05 ml. samples of each washed suspension were added to 3 ml. quantities of either nutrient broth or aqueous NaCl solutions (0, 0.1 or 0.5 M). After 2 min. at 20°, the extinction of each suspension was read at 600 mp against a reference cell containing the appropriate suspending liquid.
Effect of Polysorbate 80 on cell permeability to I-anilinonaphthylamine-8-sulphonic acid (ANS). Newton (1954) used the dye N-tolyl-a-naphthylamine-8-sulphonic acid (TNS) to demonstrate the polymyxin-induced changes in the permeability of Pseudomonas aeruginosa. In the presence of polymyxin, the dye was able to penetrate to protein-containing parts of the organism, there to form a fluorescent conjugate. This technique was modified to investigate the effect of contact with Polysorbate 80 on cell permeability to a similar dye, ANS (Kodak Ltd., London).
Stationary-phase pseudomonads were cultured in nutrient broth containing 0-0-2 % Polysorbate 80; the bacteria from each culture were washed and finally suspended separately at a standard concentration in aqueous 0.5 M-NaCl solution. A control suspension, completely permeable to ANS, was produced by heating at 100" for 30 a sample of the washed suspension grown in polysorbate-free broth.
One ml. samples of the heated and unheated suspensions were each mixed with 3 ml. of 0.5 M-NaCl solution plus 2 ml. of IO-' M-ANS in 0.5 M-NaCl solution. Appropriate bacteria-free blanks were also set up. The maximum fluorescence of each mixture in excitation light at 436mp was measured in an Aminco-Bowman Spectrophotofluorimeter at 18". Each suspension was re-read as above after removal of the bacteria by centrifugation at 2500 g. Viability experiments. A stationary phase culture was divided into two parts; the bacteria from one part were harvested, washed and suspended as above in saline, Eflect of Polysorbate 80 on P. aeruginosa I01 while bacteria from the otherpart were treatedin the same way but nutrient broth replaced the saline. Total (chamber) counts were made (coefficient of variation = 4%) on both final suspensions and showed that numbers differed insignificantly. Samples (0.1 ml.) of the saline suspension were added to 99.9 ml. of various suspending liquids held at various temperatures. Viability after dilution was assessed on 0.5 ml. samples taken at intervals, diluted in the same liquid and at the same temperature as that of the sample, and finally plated in triplicate on 10 ml. nutrient agar (Oxoid) spread plates, which were then incubated for 24 hr at 37" (coefficient of variation = 4-3 %).
The initial I O O~~ viability was taken as that of the saline suspension, diluted immediately in saline at 20'; the viability of the broth suspension was assessed after dilution with broth at 20".
Uptake of Polysorbate 80. Pseudomonads, harvested and washed in saline as above, were suspended at 5 x 1 0 8 bacteria/ml. in aqueous polysorbate 80 solutions at 20". Samples, removed at intervals, were centrifuged to remove the bacteria. The supernatants were assayed for residual polysorbate by method I1 of Stevenson (1954) .
Surface-tension measurements. The surface tension of solutions of Polysorbate 80 in either water or nutrient broth was assessed by using a de Noiiy tensiometer with a I cm. diameter platinum wire ring in contact with the liquid surface. Readings for each solution were made at I min. intervals up to 10 min. at 18". Figure I shows the leakage patterns from bacteria grown in nutrient broth containing from zero to 0.15% Polysorbate 80, washed, and suspended finally in water at 20'. The 260 mp-absorbing constituents leaked out at rates decreasing with storage time, but increasing with concentration of polysorbate in the original culture: 0.13 yo polysorbate allowed the maximum leakage rate ; above this concentration the rate decreased. The peak leakage concentration appeared to be 0.125 yo, which is shown in Fig. 2 : the leakage in 3 hr into water at three temperatures was measured from bacteria grown in contact with o to 0.25% polysorbate. The relatively high leakage at 4" correlated with the reported sensitivity of Pseudomonas aeruginosa to rapid cooling in water (Gorrill & McNeil, 1960) . The process of regulation of leakage may be an energy-requiring process (Hamilton, I 968) involving an enzyme system, which is inactivated by low temperatures (Meynell, 1958) or rapid cooling (Farrell & 
RESULTS
Eflect of Polysorbate 80 on cell leakage
The same relationship between leakage rate and polysorbate concentration occurred with bacteria grown in the absence of polysorbate, but stored for 3 hr at 20" in aqueous polysorbate solutions. The results were essentially the same as in Fig. 2 micelles present may be of such a shape and size as to be able to affect more than one bacterium at the higher concentrations. Thus, to affect the permeability properties of the bacteria, polysorbate required neither an environment of salts (cf. the action of polymyxin, Newton, 1953) nor actively dividing bacteria. The leakage experiments were repeated using laboratory strains Pseudomonas aeruginosa CST 64 and P. aeruginosa osu 64. The peak leakage concentration and the pattern of leakage was the same for each strain, but the characteristic leakage rates differed. In contrast, leakage under these conditions from E. coli showed lesser leakage rates with a less well-marked peak at a lower polysorbate concentration. Increasing the NaCl concentration in the suspension liquid of bacteria, grown without or with 0-1 % polysorbate, progressively inhibited the leakage (Fig. 3) . However, in each saline solution the bacteria previously exposed to polysorbate leaked more rapidly than the controls. These saline solutions ranged in pH from 5.8 (water) to 6-2 (2 M-NaCl). There was relatively little leakage after storage for 4 hr at 2 0 ' in trismaleate buffer between pH 5-7 and 9.5. At each pH the leakage was about the same as occurred after 4 hr in 0.5 M-NaCl (Fig. 3) . In every case polysorbate-exposed cells showed greater leakage.
Efect of Polysorbate 80 on the Optical Efect of the Organisms Previous contact with polysorbate did not significantly alter the pronounced optical effect of the organisms at various NaCl concentrations. There was no optical effect with heat killed organisms.
The observed lack of influence on the optical effect by polysorbate may have been because there was relatively little viability loss by this treatment with NaCl solutions Efect of Polysorbate 80 on P. aeruginosa 103 (Postgate & Hunter, 1962) and any alteration by polysorbate to the functioning of the cell's osmotic barrier was slight.
Efect of Polysorbate 80 on the permeability to ANS
The fluorescence of the bacteria, and therefore the amount of dye/protein conjugate, increased with polysorbate concentration in the growth medium up 0.125 % (Table I) .
That fluorescence depended on the presence of bacteria and not only on leaked contents was shown by the ' after centrifugation ' values which exceeded only slightly that of the blanks. Heat-killed bacteria were readily permeable to the dye. It seems unlikely that polysorbate would allow entry into the bacterium of ANS but cause no change in the optical effect. A possible explanation is that polysorbate alters the cell wall/membrane structure and allows uptake of ANS and combination with protein at this site. Table I 
Uptake of Polysorbate 80 by the pseudomonads
A chemical assay (Stevenson, 1954) of polysorbate was used to study uptake by bacteria; a spectrophotometric assay for this substance, utilizing a U.V. extinction peak at 234 mp (Parker, Barnes & Bradley, 1966), gave inconsistent results, influenced by the maker's batch of polysorbate. Uptake by organisms from aqueous polysorbate solutions was very rapid (Fig. 4) and was complete in 5 min., the minimum time taken to separate organisms by centrifugation. Although quicker separation of organisms and suspending solution was achieved by Millipore (Millipore (U.K.) Ltd., Heron House, 109 Wembley Hill Road, Wembley, Middlesex) membrane filtration, the uptake of polysorbate by the membrane was not found to be satisfactorily predictable. 1960) reported loss of viability with Pseudomonas aeruginosa suddenly exposed to various aqueous solutions. Figure 5 shows a similar phenomenon occurring after sudden exposure to aqueous sodium chloride solutions. Solutions of 2 M, 0.05 M and 0.02 M were also used, but have been omitted from the figure for clarity. The typical response involved an initial swift drop, followed by a more gradual one: 0.2 M and 0.5 M-NaC1 caused similar, minimal losses of viability (Fig. 6) 
Efect of Polysorbate 80 on viability
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In each case organisms previously exposed to polysorbate showed greater viability losses. 0.5 ml. of 4 M-NaCl solution spread over and absorbed by an agar plate was not inhibitory to the growth of organisms spread subsequently over the plate. Comparison with the viability of bacteria washed and suspended in broth showed that the washing process with 0.5 M-saline had reduced viability by about 20 %. Eflect of Polysorbate 80 on P. aeruginosa 105 temperatures between 20' and 40'. Viabilities were assessed on samples after 30 min., 2 hr and 4 hr storage of organisms exposed during growth to 0-1 yo polysorbate and of controls, Greatest kill correlated with the greatest sudden temperature increase. A similar experiment involved organisms shocked by sudden exposure to trismaleate buffer at between pH 5-7 and 8'8 (Fig. 8) . Least loss of viability occurred at pH 7.4 and, in each case, organisms previously exposed to polysorbate were more susceptible.
. 
DISCUSSION
The loss by leakage of constituents, including the 260 mp-absorbing purine and pyrimidine compounds, from bacteria exposed to surface-active agents is well known, and the pattern, showing a peak leakage concentration of agent, has been reported for several cationic agents (Salton, 1951; Newton 1953; Hugo & Longworth, 1964) . In the present work, a non-ionic agent has caused a similar effect. With Pseudomonas aeruginosa the characteristic peak leakage concentration of the agent was the same at temperatures of 4", 18", 2 0 ' and 37" and at three concentrations of organisms. Contact with the agent during growth of the pseudomonads in broth or during subsequent storage in aqueous polysorbate solutions gave the same leakage patterns (Fig. 2) . Polysorbate did not alter the optical effect and this result suggests that there is only a relatively subtle effect on the osmotic barrier of these bacteria. The growth rate of P. aeruginosa does not vary in nutrient broth containing polysorbate within the concentration range used in this work, suggesting an absence of any gross change in the osmotic barrier. The technique of using penetration of ANS showed contact with 0.125 yo polysorbate to cause greatest uptake (Table I ) and this concentration of the surfactant in fact also caused the maximum outflow of 260mp-106 M. R. W. BROWN AND B. E. WINSLEY absorbing substances (Fig. 2) . Hugo & Longworth (1964) suggested that chlorhexidine, especially above its peak leakage concentration, caused extensive denaturation of the protein and gross cytoplasmic disorganisation. Similar protein-precipitating effects occurred with a polyalkylbiguanide (Davies & Field, I 967). These effects may possibly have contributed to both loss of viability and the fall-off in leakage observed, but it is unlikely, since non-ionics have little denaturing action on proteins (Putnam, I 953) . The uptake of polysorbate is presumably via hydrogen bonding: Hamilton (1968) considered that the adsorption by organisms of membrane-active antibacterial agents was via a relatively non-specific physico-chemical phenomenon. Once bound, polysorbate alters the permeability properties of the organisms and increased leakage was observed immediately after adding the surfactant. These results indicated a direct physical action, rather than one involving permease-inhibition or stimulation of autolytic enzymes, and are consistent with the hypothesis that polysorbate has an immediate effect on the organisms permeability regulation system. Such a physical effect may involve interference by the surfactants with the packing or molecular organization within the membrane or membrane/wall envelope of these Gram-negative organisms.
Cell-membrane disorganization would allow an enhanced interchange of molecules and ions between the internal and external environments of the bacterium. Non-ionic agents caused reduced electrostatic resistance and increased cation permeability of reconstituted lipid-membrane preparations (Seufert, I 965). Thus, loss of viability may be the consequence of two processes: (i) the loss of vital cell constituents, including purine and pyrimidine compounds, which reflects degradation of cellular RNA (Holden, 1958; Postgate, 1967) , (ii) gain of substances normally not present or in strictly limited amounts.
The outflow of 260 mp-substances was decreased when the organisms were suspended in saline or buffer solutions (Fig. 3) . Other pseudomonads also showed less lysozymeinduced damage to the wall/membrane structure when suspended in saline solutions (Shively & Hartsell, 1964) . However, viability losses in these solutions were still marked and therefore no correlation existed between degree of kill and loss of 260 mp substances. There was a correlation between degree of kill and the magnitude of the sudden change in any of the colligative properties of the organism's environment. Although this type of effect is well known, especially with cold shock (Gossling, 1958; Meynell, 1958; Gorrill & McNeil, 1960) , previous exposure to polysorbate aggravated the viability loss for any given abrupt change.
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